Abstract An experimental investigation was conducted to understand the electro-mechanical response of graphene reinforced polystyrene (PS) composites under static and dynamic loading. Graphene/PS composites were fabricated using a solution mixing approach followed by hot-pressing. Absolute resistance values were measured with a highresolution four-point probe method for both quasi-static and dynamic loading. A modified split Hopkinson (Kolsky) pressure bar apparatus, capable of simultaneous mechanical and electrical characterization, was developed and implemented to investigate the dynamic electro-mechanical response of the composites. In addition to measuring the change in electrical resistance as well as the dynamic constitutive behavior, real-time surface damage and global deformation was captured using high-speed photography. The real-time damage was correlated to both stress-strain and percent change in resistance profiles. The experimental findings indicate that the bulk resistance of the composite increased significantly due to the brittle nature of the PS matrix and the presence of relative agglomerations of graphene platelets which resulted in microcrack formations. Scanning electron microscopy imaging gives further insight into the various damage mechanisms that occur within the composites subjected to a static or dynamic load. The results show that the change in transport properties can provide further insight into the microstructural evolution of composite materials during loading.
Introduction
A comprehensive series of experiments were conducted to experimentally investigate the electro-mechanical response of graphene/polystyrene (PS) composites subjected to static and dynamic split Hopkinson pressure bar (SHPB) loading. A novel SHPB apparatus, capable of simultaneous mechanical and electrical characterization, was developed to effectively investigate the electro-mechanical response of the graphene reinforced PS composites. The history between the electrical resistance change, mechanical loading, and the high-speed deformation photography are correlated to characterize the electrical-mechanical response of the fabricated composites. Furthermore, scanning electron microscopy (SEM) imaging was performed to give further insight into the various damage mechanisms that occur within the composites when a static or dynamic load is applied.
Owing to extraordinary physical and mechanical properties, graphene has the potential to be an ideal filler material in developing novel composites with multifunctional capabilities such as self-sensing and active response.fillers in polymer/inorganic composites have tremendous application potential in industries such as automotive, aerospace, construction and electronics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although carbon nanotubes (CNTs) possess comparable mechanical properties, graphene still has superior electrical and thermal properties, and a higher surface area [4, 12] . Its reinforcement can offer exceptional properties in future high performance novel composites. In recent years, graphene based composites have become a topic of significant academic and industrial interest. While a number of studies have shown that the presence of graphene within polymers can enhance the mechanical properties of the bulk composite [12] [13] [14] [15] [16] [17] [18] , other studies have shown that graphene can also have adverse effects on the mechanical properties [19] [20] [21] . Fang et al. [13] investigated the effect of low concentrations of graphene on the mechanical strength of graphene/PS composites. The results showed a substantial increase in tensile strength as graphene loadings were increased from 0.1 to 0.9 wt% in comparison to pristine PS. The increase in strength was attributed to effective load transfer between the graphene and polymer. By contrast, the addition of certain filler materials can also have adverse effects on the mechanical properties of the resulting composite due to factors such as reinforcement phase concentration, dispersion quality, interface bonding, aspect ratio, surface-to-volume ratio of filler, etc. [12, [19] [20] [21] [22] [23] [24] . Wang et al. [24] compared the use of graphite nanosheets to carbon black as a filler material in high density polyethylene. They reported a gentle increase in both tensile strength and impact strength of the composite with low loadings of graphene (0.5-2 wt%) but a sharp reduction when the graphene content was greater than 2 wt%. Due to the high surface energy of graphene, as well as the weak interaction between the graphene and polyethylene, an inhomogeneous dispersion in the polymer matrix was formed when the content of graphene was high, leading to adverse effects on the properties of the composites.
Due to the exceptional electrical properties of graphene, several researchers in the past have also studied the utilization of graphene as an electrically conductive additive in composites [3, 23, 25, 26] . The electrical conductivity of graphene-based composites has been studied theoretically [27] and as experimentally [23, 26, 28, 29] . Studies have shown remarkable increases in composite electrical properties with graphene reinforcement. More recently, Qi et al. [26] demonstrated a substantial enhancement of electrical properties of PS with the addition of graphene. The conductivity of the graphene/PS composite was shown to be *2-4 orders of magnitude higher than that of multi-walled-carbon-nanotube/PS composites. The combination of the remarkable mechanical properties and the exceptional electrical properties makes graphene an ideal candidate for use as a filler material in fabricating multi-functional composites capable of sensing material behavior. Many reports demonstrate the effectiveness of utilizing CNT reinforced polymer composites as strain and damage sensors [30] [31] [32] [33] . More recently, similar studies have been conducted where graphene is utilized to provide strain sensing functions [34] [35] [36] . Eswaraiah et al. [34] demonstrated the real time strain response of f-G-PVDF composites on the macro-scale under tensile loads and the use of the composite as a strain sensor. Analysis of the change in voltage of various composite films revealed that the graphenebased composite had better strain sensing performance than carbon nanotube-based polymer composites.
The aforementioned studies revealed that when properly dispersed within a given matrix, an internal sensory network can be formed and utilized to detect important information such as strain and damage within the material. To further this investigation, it is crucial to understand the electrical response of graphene reinforced composites under dynamic compressive loading conditions. The present study experimentally investigates the electro-mechanical response of graphene/PS composites subjected to static and dynamic SHPB loading. A novel SHPB apparatus, capable of simultaneous mechanical and electrical characterization, was developed to effectively investigate the electro-mechanical response of the graphene reinforced PS composites. The history between the electrical resistance change, mechanical loading, and the high-speed deformation photography are correlated to characterize the electrical-mechanical response of the fabricated composites. To give further insight, scanning electron microscopy (SEM) imaging was used to show various damage mechanisms that occur within the composites when a static or dynamic load is applied.
Material and Specimen

Material Fabrication
The graphene nanoplatelets (GNPs) used in this study were xGnP TM Nanoplatelets (XG Sciences). These nanoparticles consist of short stacks of one or more graphene sheets having a lateral dimension of *25 lm and a thickness of *6 nm. This thickness corresponds to approximately 18 graphene layers at a typical graphite interlayer spacing. It has been proposed that materials of this thickness ([10 layers) be referred to as exfoliated graphite, or graphite nanoplatelets for scientific classification [37] . The same materials are sometimes marketed by suppliers as ''graphene nanoplatelets''. An SEM image of these platelets is shown in Fig. 1 . The specific polymeric matrix chosen for this study was PS (Crystal PS 1300) purchased from Styrolution. The PS had an average molecular weight of about 121,000 g/mol.
Graphene's strong intrinsic van der Waals forces of attraction between sheets and high surface area make graphene very difficult to disperse uniformly within polymer materials [24] . In order to disperse the platelets throughout the PS matrix, a solution mixing process was employed [26] . The general procedure used to disperse the graphene platelets is shown in Fig. 2 . First, 5 g of PS was dissolved in 30 mL of dimethyl formamide (DMF). The desired amount of GNPs was dispersed in a separate DMF solution (*0.1 g graphene per 100 mL DMF) using ultrasonication. The GNP/DMF solution was sonicated for 1.5 h at 20 kHz on pulse mode, 30 on 10 s off using a Sonics & Materials Inc. VCX750 probe sonicator. The GNP/DMF suspension was then added to the PS/DMF solution and mechanically stirred for *2 h. Since the nanoplatelets tend to agglomerate during slow solvent evaporation, the solution was dropped into a large volume of methanol to coagulate the GNP/PS composites. The resulting composite was then filtered and dried in an oven at *80°C for *18 h. Finally, the dried GNP/PS composites were hot-pressed using a heated steel mold (*190°C) and a hydraulic press. Specimen Figure 3 illustrates specimens prepared for both quasistatic and dynamic compression loading experiments. To provide sufficient electrical conductivity, 5 vol% GNP/PS composites were fabricated for all experiments. Specimens used in quasi-static experiments were 10 mm in length and had a diameter of 6.35 mm, where the loading was exerted in the longitudinal direction. Specimens used in dynamic experiments were 8.68 mm in length and had a diameter of 15.87 mm. Two V-notch channels with a depth of 0.3 mm were machined in the middle section of both specimens located 1.9 mm from each face. The channels were used to implement a modified four-point probe method [33] in order to effectively measure the change in electrical resistance of the specimen during loading. The loading was exerted in the longitudinal direction. The left face, right face, and the two inner channels of the specimen served as four probes to obtain a four point probe measurement. All four probes were coated with silver paint (SPI-Paint 05001-AB) and lead wires were attached using an adhesive (M-Coat A Air-Drying Polyurethane Coating).
Experimental Setup and Procedure
Electrical Characterization
In order to effectively capture the change in electrical resistance of the cylindrical specimen, a novel approach previously developed by the authors utilizing the fourpoint probe method was implemented [31] . The four probes consisted of the left face, right face, and the two inner channels. To allow a constant current flow through the entire bulk of the specimen, a constant current was supplied through the right and left faces of the specimen. The two inner channels served as the two peripheral electrodes that measure the voltage drop across the middle section of the specimen. The electrical resistance of the middle section can be easily determined from the input current and the voltage drop across the inner probes.
As the specimen underwent deformation, the instantaneous resistance of the middle section changed. Percent change in the resistance was calculated for each experiment. Due to the complex dispersion pattern of graphene inside, the initial resistance of the individual specimens varies slightly. Therefore, the initial resistance of each specimen served as the baseline for each experiment. Based on previous studies [31] , this method better provides the means to detect changes in the resistance caused by strain and damage mechanisms in the material as compared to the classical four-point probe method. Since the current flows through the cross sectional area, the measured resistance is an estimation of the bulk resistance of the inner section. By using this average voltage measurement technique, more consistent and accurate results were obtained during a wide range of mechanical loading schemes and consequent specimen deformations.
Quasi-Static Electro-mechanical Characterization
The quasi-static loading was implemented by a screw-driven testing machine. A modified four-point probe method was utilized to measure the resistance change during the compression tests [31] . The experimental setup used to capture the resistance change of the composites under quasi-static loading is shown in Fig. 4 . A constant current source was used to supply a DC current flow through the specimen. The GNP/PS specimen was sandwiched between two aluminum plates to establish uniform current flow through the specimen during the compressive loading.
Silver paint was applied to the top and bottom of each specimen to minimize the contact resistance between the specimen and the plates. Each loading head was insulated from the electrical measurement system. Two electrometers were used to measure the voltage at each of the two inner probe rings. The difference between the two voltage readings, which corresponds to the voltage drop across the two inner probes, was measured using a digital multimeter and recorded using a LabView system.
Dynamic Electro-mechanical Characterization
A modified split Hopkinson (Kolsky) pressure bar apparatus, capable of simultaneous mechanical and electrical characterization, was developed and implemented to investigate the dynamic electro-mechanical response of the GNP/PS composites. A typical SHPB consists of a striker bar, a solid incident bar and a solid transmission bar. The striker bar is propelled using an air-operated gun. A pulse shaper is commonly placed at the impact end of the incident bar with a thin layer of lubricant to improve force equilibrium conditions at the specimen-bar interfaces. The theoretical details of SHPB can be obtained from Kolsky [38] . The specimen is sandwiched between the incident bar and the transmission bar. A lubricant is applied between the specimen and the bar interfaces to minimize friction.
When the striker bar impacts the incident bar, an elastic compressive stress pulse, referred to as the incident pulse, is generated and then propagates along the incident bar towards the specimen. When the incident pulse reaches the specimen, part of it reflects back into the incident bar (reflected pulse) in the form of a tensile pulse due to the impedance mismatch at the bar-specimen interface, and the remaining pulse is transmitted (transmission pulse) to the transmission bar. Axial strain gages mounted on the surfaces of the incident and transmission bars provide timeresolved measures of the elastic strain pulses in the bars. The length of the incident pulse is related to the projectile length which allows for variation in achievable strain rates.
Using one-dimensional wave theory, the engineering stress and engineering strain in the specimen can be determined from the reflected and transmitted strain pulses respectively, as given in Eqs. 1 and 2.
The above equations were suitably modified to obtain the true stress and true strain in the specimen. The expressions for the forces at the specimen incident bar interface and at the specimen transmission bar interface are given in Eqs. 3 and 4 respectively.
where e i , e r , e t are the time-resolved strain values of the incident, reflected and transmitted pulses respectively,
is the longitudinal bar wave speed, E b is the Young's modulus of the bar material, q b is the density of the bar material, L s is the thickness of the specimen, A b is the cross-sectional area of the bar and A s is the cross-sectional area of the specimen. Force equilibrium within the specimen during the wave loading is attained when the forces on each face of the specimen are equal.
Several modifications were made to the existing SHPB to simultaneously capture the electrical response as well as the mechanical behavior of the specimen during the dynamic loading. A sketch of the novel SHPB device is shown in Fig. 5 . The aluminum incident and transmission bars were 19.05 mm in diameter and measured 1,613 and 1,220 mm in length respectively. Lead wires were securely attached to each bar to provide a means of supplying a DC current flow through the specimen during loading. In order to obtain an accurate electrical response of the specimen, nylon bushings were fabricated and installed to isolate the incident and transmission bars from the supports. A similar four-point probe technique, as described in quasi-static experiments, was implemented. To minimize the contact resistance and the frictional forces present at the specimenbar interfaces, a conductive lubricant (AI Technology Inc. ELGR8501) was applied to the specimen faces. Additionally, a pulse shaper consisting of a single layer of electrical tape and clay (*2 mm thick) were used to isolate the incident bar from the gas gun apparatus and to improve the force equilibrium conditions at the specimen-bar interfaces. A constant current source with high frequency response (Keithley Instruments Model 6221) was used to supply the constant DC current flow under the high rate deformation while the voltage drop between the two inner probes was measured by a differential amplifier (Tektonix ADA 400A) and recorded by a digital oscilloscope (Tektronix TDS 3014). It is important to note that proper strain gage selection is critical in preventing any electrical interference in strain measurements while conducting these types of experiments. The particular strain gages chosen (MicroMeasurements C2A-13-250LW-350) consisted of an encapsulated gage mounted on a thin high-performance laminated polyimide film backing. The polyimide film backing provides a layer of insulation between the actual gage and the bar surface and therefore prevents any voltage interference. A series of experiments were performed with and without supplying current through the bars, validating that the strain gages bonded to the bars remain unaffected. Figure 6 shows typical pulses obtained from the strain gages for the two cases when the incident bar is in contact with the transmission bar without any specimen in between. Since there is no impedance mismatch at the bars interface, the entire incident pulse is transmitted to the transmission bar. It can be clearly seen that there is no effect on the pulses when a current of 1 mA was supplied through the bars.
In order to fully characterize the change in transport properties of the GNP/PS composites under high strain rates, two different series of experiments were conducted. The first series of dynamic experiments comprised of loading the composites until complete dynamic failure. Once the complete electro-mechanical response of the composites was understood, a series of controlled-strain experiments were designed and carried out to provide more insight on the internal damage mechanisms occurring during the dynamic event.
In the first series of dynamic experiments, where the composite was loaded to complete failure, a striker length of 406 mm was used to achieve large strains in the specimen. The second series of dynamic experiments, where the composite was loaded to a strain below the failure strain, required additional modification to the electro-mechanical SHPB apparatus. To ensure that a single compressive loading was applied to the specimen and to control the amount of strain the specimen undergoes, a momentum trap was built and installed on the SHPB. The momentum trap consisted of a flange, mounted on the impact end of the incident bar, and a rigid mass [39] . A striker length of 100 mm was used for all the controlled-strain experiments, and the gun pressure was varied to ensure the desired incident pulse profile. A high-speed digital camera (Photron SA1) was used to capture the real time deformation of the specimen at a frame rate of 100,000 fps.
Experimental Results and Discussion
Quasi-Static Compressive Response
A typical electro-mechanical response of a 5 vol% GNP/PS composite under compressive loading is shown in Fig. 7 . During the quasi-static compression, the stress on the specimen monotonically increases to 47 MPa at 5 % strain and then gradually decreases. Taking the initial resistance R o as a baseline, the percent change in electrical resistance increases proportionally with strain. Initially, no significant change in resistance is observed up until *1 % strain. Due to the brittle nature of the PS matrix, small micro-cracks begin to form as the compressive strain increases resulting in a substantial increase in electrical resistance. Since the electrical resistance of the matrix material is very high, the graphene particles exclusively conduct the electrical current within the material. When considering the negligible change in graphene particle geometry during the compressive event, it is evident that the resistance change is caused by the interruptions of the electrical networks between the graphene particles. A schematic representing the damage mechanisms induced by the mechanical compression is shown in Fig. 8 . As observed in Fig. 8I , the electrical resistance of the composite begins to increase at *1 % strain due to the disruption of the graphene network present throughout the volume of the composite. Scanning electron microscopy (SEM) was performed on the post-mortem specimens to provide more insight on the internal damage mechanisms occurring during the compressive event. As shown in Fig. 9 , there is evidence of micro-cracks located primarily around small agglomerates of GNP. The small agglomerates of the graphene sheets appear to serve as crack nucleation sites and due to poor interactions between the PS matrix and GNPs, damage tends to propagate along the graphene-polymer interfaces. The micro-cracks, formed primarily around the graphene agglomerations, continue to grow and propagate throughout the composite which causes the rate of electrical resistance to increase *6.5 times. The formation of additional voids and cracks due to the increasing strain further decreases the electrical efficiency between graphene particles, which is illustrated in Fig. 8II and III.
The true stress versus true strain curves for pristine PS and 5 vol% GNP/PS are shown in Fig. 10 . A significant decrease in yield strength (*47 %) and modulus (*57 %) is observed with the addition of graphene. This result differs from most reports where authors observed significant improvements in mechanical properties when graphene was used as a filler material within various polymers [12, 13, 15, 16] . Generally, the enhancement of strength and modulus is attributed to high aspect ratio and high strength of the filler as well as the uniform distribution and good interfacial adhesion between the fillers and matrixes, which provide effective load transfer from the matrixes to the fillers [12, 24, 40] . When relatively high concentrations of graphene are used, an ineffective dispersion typically forms due to inevitable aggregation of the graphene particles. The heterogeneity of the polymer microstructure creates many structural flaws and weak interfaces between the GNPs and PS resulting in a decrease in mechanical strength. This behavior has been previously reported and demonstrated for various types of particles, including graphene [12, [19] [20] [21] [22] [23] [24] .
Split Hopkinson Pressure Bar Loading
To investigate the electrical response of the graphene reinforced composites under higher strain rates, the electro- True Strain (%) Fig. 10 True compressive stress-strain curve of pristine PS and GNP/PS under quasi-static loading mechanical SHPB apparatus developed was utilized to load the specimens. The real-time strain pulses obtained for PS at an average strain rate of 2,000 s -1 under dynamic compression are shown in Fig. 11 . It can be observed from the figure that the pulse shaper, consisting of a layer of electrical tape and clay, used in all experiments helped to reduce high frequency oscillations in the incident stress wave. The incident pulse length applied to the specimen was *240 ls. Due to the brittle nature of the PS matrix, the transmitted pulse profile shows that the total loading event lasts only *100 ls at which point the specimen fails. It is important for the specimen to be in equilibrium under dynamic loading conditions for valid analysis of data. Figure 12 shows the typical force equilibrium of PS at an average strain rate of 2,000 s -1 . The pulse shaper improved the force equilibrium conditions at the specimen-bar interfaces. The force equilibrium was maintained during the entire loading duration.
A typical electrical response along with the mechanical behavior of both neat PS and GNP reinforced composites is shown in Fig. 13 . As the specimen undergoes dynamic compression, the electrical resistance increases proportional to the change in strain. As the stress of the specimen monotonically increases to 75 MPa at 5 % strain, the bulk electrical resistance of the specimen increases *85 % due to the formation of micro-cracks within the matrix. As the internal damage grows, the electrical resistance continues to increase as the electrical efficiency of the composite is further diminished. The resistance does not abruptly jump but gradually increases as damage initiates and propagates throughout the composite. We believe that this difference may come from the non-uniform dispersion of graphene inside the matrix and complex initiation and propagation of damages.
A typical electrical response along with the real-time deformation images of a 5 vol% GNP/PS composite subjected to dynamic loading are shown in Fig. 14 . The time frames used in the loading event are chosen in a manner such that they can be correlated to the time at which certain deformation mechanisms were first observed. During the first 50 ls, the specimen undergoes a slight uniform compression. Since the strain of the material is minimal during this time, no noticeable change in electrical resistance is observed. At *60 ls, a surface crack is seen to initiate and propagate through the specimen consequently causing an increase in resistance. From 60 to 100 ls, damage further propagates throughout the specimen leading to larger increases in electrical resistance. The second series of dynamic experiments carried out were controlled-strain experiments in which the GNP/PS composites were dynamically loaded to a strain below the failure strain. Figure 15 shows the real-time dynamic electro-mechanical behavior of a 5 vol% GNP/PS composite loaded to 5 % strain. It can be observed that the resistance of the specimen begins to increase at *20 ls, while no significant change in compressive strain is observed until *100 ls. As previously discussed, the increase in resistance is a result of micro-crack formation within the composite due to the brittle nature of the PS matrix. As the strain increases to *1 %, the rate of change in resistance increases significantly due to the accumulating damage that continues to grow throughout the material. As the strain increases to 5 %, the specimen exhibits a *100 % increase in resistance.
SEM imaging was performed on the post-mortem specimens to provide more insight on the internal damage mechanisms that occur during the dynamic loading. ΔR/R (%) Fig. 15 Typical dynamic electro-mechanical behavior of a 5 vol% GNP/PS composite subjected to a controlled strain loading around small agglomerates of the GNPs. Again, these small agglomerates of the graphene sheets appear to serve as crack nucleation sites and due to poor interactions between the PS matrix and GNP particles, damage tends to propagate along the graphene-polymer interfaces. The dynamic true stress-strain curves for pristine PS and 5 vol% GNP/PS is shown in Fig. 17 . The high strainrate yield stresses were much higher than the quasi-static ones for both pristine PS and GNP/PS composites. Similar to the static loading case, the GNP/PS composites demonstrated a reduced strength and modulus in comparison to pristine PS. The composite strength and modulus decreased *36 and *66 % respectively. Again, due to the high volume content of GNP, the reduced mechanical properties for this composite are attributed to the presence of relative agglomerations of GNPs within the PS matrix which prevent efficient load transfer to the graphene particles. Figure 18 shows the effect of 5 vol% GNP on the static and dynamic behavior of PS. Despite an increase in yield stress for dynamic loading in comparison to static loading, the presence of graphene within the PS matrix significantly diminishes the mechanical properties of the composite material under both static and dynamic compression.
The obtained results prove that the electro-mechanical SHPB can provide additional vital information that relates the transport properties to the evolution of the microstructure within these types of composites, even during the very early stages of loading, whereas a conventional SHPB cannot.
Conclusions
The present paper describes the electro-mechanical response of graphene reinforced PS composites under quasistatic and dynamic compressive loading. Graphene/PS composites with low electrical resistance were fabricated using a solution mixing approach followed by hot-pressing. A modified four-point probe method, using line and face contacts rather than point contacts, was implemented to accurately monitor the bulk electrical resistance of the composites. Moreover, a modified split Hopkinson (Kolsky) pressure bar apparatus, capable of simultaneous True Strain (%) Fig. 18 Comparison of pristine PS versus GNP/PS under static and dynamic loading mechanical and electrical characterization, was developed and implemented to investigate the dynamic electro-mechanical response of the composites. In addition to measuring the change in electrical resistance as well as the dynamic constitutive behavior, real-time damage was captured using high-speed photography. The real-time damage was correlated to both stress-strain and percent change in resistance profiles. Due to a high concentration of graphene particles, relative aggregations of the graphene were inevitably formed which resulted in inadequate load transfer between the graphene particles and the PS matrix. Consequently, a significant decrease in mechanical properties under both static and dynamic loading conditions with the presence of graphene was observed. The bulk electrical resistance of the composite increased significantly due to the brittle nature of the PS matrix and the presence of relative agglomerations of graphene platelets which resulted in micro-crack formations. The obtained results showed that by implementing this type of electrical characterization technique, further insight regarding the evolution of micro-structure throughout these types of composites during both static and dynamic loading can be obtained.
